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FOREWORD

This quarterly report was prepared by Hughes Research Laboratories,
Malibu, California, under Contract No. F30602-73-C-0248. It describes
work performed from 27 March to 26 June 1973, The principal investigator

and principal scientist is Dr. William B. Bridges,
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SUMMARY

Coherent Optical Adaptive Techniques (COAT) can be used to pro-
vide near-diffraction-limited laser beam propagation through the atmos-
phere to desired target points even in the face of distorting agents: a turbu-
lent atmosphere, target motion, mechanical vibration of the transmitter
optics, internal phase distortions in the source laser, etc. It also seems
likely that COAT systems will reduce the distortion resulting from non-
linear propagation effects such as thermal blooming,

There are two primary objectives of the present program. The
first objective is to determine experimentally the performance limits of
coherent optical adaptive techniques through operation of an experimentai,
visible prototype COAT system through a representative tubulent atmos-
phere against a complex dynamic target. The second objective 1s to deter-
mine the best methods of employing COAT in high power laser systems and
to assess the status of necessary key high power components.

During the first quarter, analyses for several aspects of the COAT
system have been carried out. A computer simulation has been written and
successfully compared with the experimental performances obtained on the
existing 3-element system. The computer program was used to study the
influence of the system parameters (e.g. modulation index, loop gain, filter
specifications, array distribution® on overall performance.

A variety of piezoelectric drivers for phase shifter use have been
evaluated for improved characteristics. A one-half inch diameter, PZT
bimorph has been selected for the control phase shifter and a one-half
inch diameter by one inch long PZT cylinder for the tagging phase shifter.

A new version of the control system electronics has been bread-
boarded and has demonstrated greatly improved performance in a two-
element COAT test fixture,

A dc type automatic gain control system with over 50 dB dynamic
range has becn developed. A new type of optomechanical beam splitter/

combiner arrangement has been conceived and demonstrated by construction

and alignment of an 8-element model.
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A design for a versatile dynamic target system employing glints

with integral detectors bas been developed. A video recording system with

a level quantizer has been specified as the prime on-range data recording
i’ system.

Two high-speed microthermometers, a laser scintillometer and a

photographic MTF system have been built to use for atmos pheric turbulence

i characterization on the outdoor range.
P
E i
PUBLICATION REVIEW
i This technical report has been reviewed and is approved.

E Robert F. Ogrodnik
RADC Project Engineer
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ABSTRACT

Coherent optical adaptive techniques (COAT) can be applied to over -
come the deleterious effects of atmospheric turbulence. This report covers
the design phase of an experimental program to design, fabricate and evalu-
ate an cighteen-element, self-adaptive, optical phased array. In addition,

a computer simuiation program developed to aid in system: design and per-
formance prediction is also described., Results are presented on prelimin-
ary experiments performed with an existing seven-clement COAT systent.
Further experiments were performed with different piezoclectric ceramic
phasec-shifter configurations and with improved servo control electronic
systems and arc described here. Techniques for offset pointing of the phased
array arc discussed. A flexible phasor matrix structure is described in
which radiating array patterns can be easily changed. Atmospheric char-
acterization measurements performed on the 94 meter test range are de-
scribed. The design of a dynamic multiglint target system is given. Param-
eters are listed for the experimental cquipment tc be fabricated during the

next phase of the program., Calibration and on-range measurements for the
g g

final phase of the prog=am are describead,
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g INTRODUCTION

A, Program Cbjectives

There are two primary objectives of this program. The first
objective is to determine the performance limits of coherent optical
adaptive techniques through operation of an experimental, visible protcotype
COAT system threough a representative turbulent atmosphere against a com -
plex dynamic target. The second objective is to determine the best methods
ot employing COAT in'high.power laser systems and to assess the status

of necessary key high power components.

B. Research Program Plan

The basic properties of the COAT concept have already been
demonstrated by the simple experiments reported in Hughes Proposal,
"COAT Planar Array'' No. 73M-3186/C8902. However, lo obtain the
quantitative performance required by the present program, it is necessary
to develop a new, fully-instrumented target system as well as review the
previous system design ccncepts. The program plan adopted is shown in
Fig. 1.

2521-1

RADC
DESIGN REVIEW 1973 1974

!

A M J J A S 0 N D J F M

ANALYSIS FABRICATION

MEASUREMENTS
DESIGN //

CALIBRATION/

pa—— HIGH POWER DESIGN ~—tmm

Fig. 1. COAT tasks and scheduling.




C. Organization of This Report

This first Technical Report covers the £ nalysis and Design tasks
through the Design Review meeting held 20 June 1973 at Rome Air Develop-
ment Center, Griffiss AFB, N.Y. Bound copies of the vugraphs presented
at tnat meeting have already been supplied as line items A005 and A006,
the Design Plan and Test Plan respectively. This report follows
essentially the same order as that presentation,

In Section II the different analyses undertaken to answer critical
questions about CCAT system performance are presented; also the results
obtained for convergence times using the seven-element linear array COAT
system as an analog computer are described. The COAT system computer
simulation developed during this quarter is described, and the results
showing convergence on multiglint targets are presented. Other analyses
on beam offset techniques, alignment errors, and array patterns are
summarized.,

In Section III the experimental COAT system design is reviewed,
including the optomechanical layout and phaser matrix design, the phase
shifter choices and the experiments that lead to these choices, and the
electronic control system design. The layout of the optical propagation
range is described, and the target design and data recording instrumenta-
tion are specified.

The laboratory calibration and on-range m:asurements program is

discussed in Section IV. Plans for the next quarter are described in

Section V.




11, ANALYSIS

A, Philosophy of Analytical Tasks

While the basic properties of multidither COAT systems were
demonstrated by the three- and seven-clement systems described in our
proposal, there remained several unknown factors that needed further
study before an improved system could be designed. Some of these factors
were understood qualitatively but not quantitatively; for example, we knew
that higher servo loop gain would cause the system to converge faster, but
how much faster? The nonlinear and multiloop nature of the COAT control
system does not lend itself readily to closed-form analysis; for this
reason we have endeavored to arrive at quantitative answers primarily
through computer simulation. The danger in traveling this route is that
while we may well be able to create phenomena through simulation, we may
not see the details clearly enough to really understand them; we may not
be able to determine whether the phenomena are real or artifacts of the
computation introduced by improper modeling of real-world physical pro-
perties. Partly for this reason, and partly for the value of the 1 .easure-
ments themselves, we decided to continue to perform experiments on the
three- and seven-element systems to guide and check the computer
simulations, even though we are aware of the serious deficiencies in these
experiments. The results of some of these experimental measurements
are described in Part B.

We undertook the major task of developing a computer simulation
for a COAT system, hopefully including all of the physical parameters
that could ~onceivably affect the system performance. This development,
described in Part C, has been successfully carried out to the point that
all key system variables appear in the program, including the radiating
element size, shape, and distribution within the array; the target glint
number, intensities, distribution, and motion; and the control system

modulation, filter, phase shifter,and AGC characteristics. The one key

factor not yet included is the atmospheric turbulence in the propagation path;




only a simple phase-screen approximation is available at present.  The
sinmlation output allows us to ¢xamine the critical system performance
Mmeasures: convergence time, convergence stability, and multiglint target
discrimination.

In addition to the system dynamics simulation, supporting analyses
have also been performed to address specific design choices: low can we
best implement beam offset pointing? What will the alignment errors add up
to in the optomechanical design? What are the best arrays to use during
the cxperimental measurements program? Each of these analyses has

becn addressed in a manner suited to the particular problem.

B. Seven-Element System Experiments

At the outset of this contract the seven-clement system had already
scrved to point up system modifications that needed to be made. Some of
these modifications were subsequently incorporated, and their performance
was investigated. An AGC circuit was developed and shown to have the
desired effect on system performance. Its design and characteristics are
discussed in Section III-D. Resonances in the bimorph phase shifters,
although lying outside the range of control and dither frequencies, were seen
to limit the stable scrvo loop gain that could be employed in the system.

As a result, improved phase shifter types were sought and found, although
they have not yet been incorporated in the seven-element system; this
work is described in Section 11I-C,

Attempts were also made to cstablish some of the important
relationships, particularly the rclations between open-loop gain and con-
vergence time, and the relation between the control system parametcrs
and the tracking limits for a moving target. Thcse attempts have been
only partially successful. The arrangement shown in I'ig. 2 was used for
these measurcments. A high-speed mechanical shutter (=1 msec opening
time) was placed in front of the COAT system detector to break the control
loop. The system was otherwisc operational, with the same parameters
given in the proposal except for the addition of the AGC described in

Section ITi-D. The glint, with its coincident point detecter, was positioned
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to a minimum of the random interfercnce pattern incident on the target
board. The shutter was then opened, and the build -up of both the power on
the glint and the power returned to the photomultiplier were recorded.
Figure 3 shows four different trials with the loop gain increasing from (a)

through (d). Note that the convergence time decreases as the gain increases

S e e e

through (c) as expected, and that the ultimate converged power levels also

increase (tighter convergence). The gain for trial (d) was high enough for

the system to oscillate following an extremely rapid convergence.

It is evident from these results that the loop gain was indeed limited
to low values. (Compare the results reported in Section 111-D for the new
electronics/phase shifter combination.) The conve rgence time for the
curve marked "-27 dB (normal)" is about 5 msec, which is only about
equal to the time constant of the 100 Hz low-pass filter employed. For high
gain values, the convergence time should be much faster than the filter
response time. Since we could not approach these gain values it was not
possible to study the regime of interest for the new system design.

Figure 4 illustrates another important property of the COAT con-
vergence process. The three photos were all taken with as nearly identical
conditions as could be arranged. Before cach shutter opening the glint was
repositioned to a null in the random interference pattern. The convergence
Process is significantly different ou the three trials. In (a) the convergence
seems to take place completely in | msec or less, a time comparable to
that of the mechanical shutter, and equal to only 2 cycles of the lowest
dither frequency. Trial (b) is more typical, with a convergence time of
approximately 5 msec. Trial (c) shows a step-wise convergence that
occurs occasionally. This phenomenon has also been obscrved in the
computer simulation and will be described in more detail in future reports.
Note that the total convergence time is not much longer for the stepwise
process, each step occurring rather fast.

This sequence of trials indicates that the details of the COAT con-
vergence process depend rather critically on the initial state of the phase

shifters and the initial phases of the dither signals. For favorable conditions

the convergence can take place exceptionally fast, in a couple of dither cycles.
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For unfavorable initial conditions, the conve:rgence process may require
vary long times, It is apparent that "convergence time' is actually a randc
variable, having a certain distribution with a mean value, a characteristic
width, etc. While this complicates the measurement of "convergence time",
it in no way harms the practical aspects of the system. This description
of random variction of convergence details has been confirmed by the
computer runs, and we are now trying to catalog these and understand the
details. The successful interplay of experiment and computer simulation
in this instance verifics the wisdom of carrying on both approaches
simultaneously,

Figure 5 shows a typical result from the moving target measurements.
A glint and point detector were mounted on a parallelogram pendulum to pro-
vide sinusoidal motion over one grating lobe spacing at velocitics higher
than those previously used with the x-y recorder traverse (described in
the proposal). The COAT system was disabled with the shutter in front of
the photomultiplier as before. The left side of the photo (Fig. 5) shows the
random interference pattern being intercepted by the moving detector.
When the system is turned on by opening the shutter, it converges and tries
to follow the glint. The sharp upward spikes on the right half of the photo
show that the system is reconfiguring twice per round trip target motion.
The reconfiguration in this case is another manifestation of the low loop
gain. With low gain the error voltage can actually ''go over the peak' in
the sinusoidal synchronous detector transfer characteristic of output voltage
versus input phase. The phase shifter can ''slip'' a number of wavelengths
before it ruus out of range or before the required reclative phase conditions
change. If the loop gain can be made sufficiently high, the crror voltage for
a given phase error is reduced by (1 + Gain)~ 1, and the control channel will
alwaysdrive the phase shifter against its stop before any ''slip' can occur. We
could not reach that gain level in the seven-element system. This pheno-
menon was discussed in more detail in our earlier COAT report (Ref, 1)
but observed for the first time in the seven-element system.

We plan to carry out computer simulation studies of both the
convergence time statistics and the low-gain reconfiguration problem
during the next quarter. The, computer program being used for tinese studies

is described in the following part of this report.
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Computer Simulation

1. Introduction

The COAT computer simulation was deVveloped to aid in under-
standing the multidither convergence process and for use as a design tool.

No assumptions were made to force convergence or to artifically enhance

any particular system properties.

The functional flow chart used for the mathematical model is shown
in Fig. 6. Briefly. the modeled system is as follows: Coherent light,
divided into NC channels, is phase modulaied (dithered) and a correction
phase is applied to each channel to form a specified array pattern. The
radiation from this array is propagated over a specified path and is incident
on the target plane. The summation of the reflections from NG point
targets is propagated back, collected in the receiver aperture, and
photodetected. The ensemble signal is synchronously detected at each
audio dither frequency to produce an ensemble of error voltages. These
error voltages produce the channel correction voltages which are then

used to adaptively phase the optical array to maximize power on the glint
with the strongest weighted backscatter,

2. Program Description

The mathematical model was implemented as a FORTAN 1v,

level G computer program for the Hughes IBM 370/165. It requires 118 K
bytes of core memory after compilation, and uses one second of CPU time
per transmit channel per millisecond of real time. A typical four msec
test case with line plotter output for a 4 x 4 array costs approximately $10.

Figure 7 is the top level program block diagram. The main line
subroutines are SHIFT, RANGE, DETECT, and FILTER. The MAIN
program reads input data, sets up various counters for housekeeping tasks,
sequentially calls the above subroutines, printes output data, and calls
PLOTOM to format output data for line plotting. A peripheral subroutine,
CLOOP, computes loop gain.

Test data is input in NAMELIST format: multiple test cases may be
input in one run by tacking on NAMELIST cards which need contain only
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those parameters which change from test to test. Optical array phase may
be initialized to any desired value; i.e., uniform, random, off-axis. The

program computes initial conditions throughout based on this input. Form

3 and substance of each subroutinc will be discussed in the following.

a. SHIFT — The initial bias phase shifter voltages, low-pass

filter output voltages, and dither phase shifter voltages are passed to
SHIFT, which computes bias and dithcr phase shifter displacements at

each timc increment as a function of these voltages. The method used is

aii s L i o e I L

i to dcrive difference equations from a general form Laplace transform

o R

transfer function. The form of the transfer function is:

Gl il g

v (s) R (. s+ 1)

V.(s)y 2 LN
y (TbS tT.st 1) (.d

s + 1)

A separate set of differencc ~ uations is used for each bias and §

dither phasc shifter,
A difference cquation is a sampled data equivalent of thc solution to a

continuous differential equation describing phase shifter behavior. For

example, a differential equation for the circuit:

R b
O AAN- "L o) 1
v C - \' 1
| = |
o —O 7e) |
dvo
Vi = RC —F + VO

may be written in Laplace transfcr function form as:




and in difference equation form as

-T " -T
Vo(t) = axp (R) Vi(? -Ty - (1 —exp(m)jlj : Vo {t - TY

In this case the output at any time t is equal to the diiference of the
weighted input and output at a time T seconds before.

In the program, any factor of the difference equation may be bypassed
by sctting the appropriate values to =zero. Subroutine SHIFT also
provides fixed or time dependent electronic beam scanning, and simulates

the input for an open-loop incremental gain measurement when required.

b. RANGE — This subroutine computes the far-field
amplitude power pattern, element-by-element, weights this pattern at the
glint locations by their backscatter cross sections, and computes the optical
power collected by the receive aperture. A simple subroutine (ATMOS) can
be called to compute a deterministic time-variant phase perturbation for
each element. This is not intended to represent a realistic atmosphere;
however, it may eventually be replaced by suitabie programs for turbulence
or thermal blooming.

Other subroutines currently under development to be added to RANGE
are MOVEIT, which wiil permit simulation of multiple moving targets;
ARRAY, which will compute the dimensions of a 0-6-12-18 type circular
array given the ID, OD, and number of rings; and SPLAT, which will com-
pute and output a two dimensional printer map of the target plane power
pattern at any point in time during a test run. These subroutines and

preliminary results will be discussed in a later topic.

c. DETECT — Given received optical power as a function
of time this subroutine models detection by a photomultiplier or photodetec-
tor, the difference being primarily the modeling of the detector noise
behavior. Gaussian noise is added to the signal, and the result is high-pass
filtered. The high-pass filter modeled in difference equation form is equiva-
lent to the double pole filter implemented in hardware.

Following the filter, the ensemble signal is multiplied by each dither

signal, appropriately phase shifted to account for round trip propagation

15




delay. The result is an unfiltered synchronously detected error signal for

each channel, which is passed to subroutine FILTER.

DETECT also calls subroutine AGC, in which various automatic gain
control schemes are modeled. The intent of these AGC schemes is to keep
the mean level of the synchronous detector output at a constant value con-

venient for filtering.

d. FILTER — This subroutine computes difference equa-
tion outputs which modelthie low-pass {ilters used for smoothing and error

signal separation. Each filter has the general form:

vo(s) = Gp- (-ras + 1)

V. (s) (st DT s + M

M = }or2

The filtered output for each channel is passed thru MAIN to subroutine

SHIFT for the next time step.

e, GLOOP — This subroutine computes the incremental
open loop gain (IOLG) for any state of the system. IOLG could be deter-
mined by fixing the state of the system during a simulation run, injecting a
small bias phase shifter voltage, and propagating the change around the loop
(refer lo Fig. 6}, to find the resultant change in the low pass filter output
(error signal). This, in fact, is the experimental procedure for determining
IOLG ir the laboratory COAT models. The TOLG is thus defined for the kih
chanrel as

Av,

IOLG = 20 log |y |
Bk

where the units are dB and Avfk is the change in the low-pass filter volt-
age produced by AVBk' the change in bias phase-shifter voltage. Note that
ICLG is 2 time-dependent quantity which is affected by all the system par-

anmyeters including receiver f{ilter characteristics and electronic gain, prop-

agation. target characteristics (number and strength of glints), and degree



M

of convergence. For computational purposcs, however, it is more efficient
to derive an analytical expression for the open loop gain. Such a derivation
is presented in Appendix I. The procedure presently used in the computer
program to compute IOLG 1s a special approximation of the more general
recult discussed in Appendix I. The use of the approximation, however, has
no effect on the results described in this report. The more general result
will be incorporated into the computer routine at an appropriate future date,

Figure 8 illustrates the relationship between the varicous quantities
used in determianing IOLG for a simple two-element system. The phase {51
or }3& is the total phase from the elements to the glint.  Nete that the open
loop signal is related to the derivative of the intensity on the glint and thus
minimizes ai convergence. The IOLG is related to the derivative of the
error signal and so maxirnizes at convergence,

Results of the program calculation of IOLG have been compared with
measurcments on the GSG laboratory 2-element model and with calenulations
which used the in-line simulation program to find 1OLG, Agreement among
all three methods was obtained within 3 dB. We do not, however, fully
understand ihe relatiouship between JOLG in a parricular channel and the
details of the convergence process. Further study ¢n this subject 1g planned

for the next quarter.

3. Program Options and Variables

All fest case options wre chosen by apprepriate variable se-
lection 1u the program iaput dara, Only these portions of the prugram re-
quired for a particular test case are actually used during that run. A
textual descripiion of the options selected with appropriate data values is
printed cui at the beginning of cach test case.

The important program variables are those which relate directly to
an adjustable system hardwate parameter, Consequentty, the iellowing

parameters can be varied at the nput to the programn;
a. Variable number of channels (up to 36) and glints (ugp to 10),

5 Single frequency per channel or quadrature operation with
one frequency per two channels,

1/
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C. Single or split phas¢ shifters per channel; in the former
case .ontrol and dither voltages are added before applica-
tion to the phase shifter,

d. Bias phase shifter constant (volts/meter).

e, Dither peak voltages and frequencies and dither phase shifter
constant (volts/meter).

t. Beam steering at fixed or time variant steering angles.

g Array configuration, element size, shape, and placement.

h. Range to the target,.

1, Glint backscatter cross sections and locations.,

it Receiver aperture,

k. Photodetector gain constant (GEFODET),

1, Shot noise or noise free operation,

m, Pre-detection gain (GHI®) and post-detection gain (GPASS).

n. Square wave or sine wave synchronous detector reference.

o. All filter time constants,

p. Soft shoulder limiter threshold voltage,

q. Feedforward or feedback AGC,

r. Output in printed form, printer plot, or continuous line
plot.

CURRENTLY BEING ADDED

s, Rectilinear or circular array.
t. Arbitrarily specified motion for each glint target.
u. Target plane two-dimensional power density man.

In most of the tests to date, all variables except GFODET, GHIP,
GPASS, have been set to values which were consistent with the design for the
18-element system now under construction. For simplicity, GHIP and GPASS

were set to unify so that GFODET, the photodetector voltage gain, is the only
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variable electronic gain. The AGC option in the program was not used for

all of the simulation runs discussed in this report.

4, Simiulation Verification

A series of comparison tests were run on the simulation and
on a two-element version of the GSG three-element system. System con-
stants measured in the laboratory (e.g., electrcnic gain) were employed in
the simulation whenever possible. The results shown in Table 1 indicate
good agreement between the simulation and the hardware. The simulation
incremental loop gain was computed from the derived equation discussed

in a previous topic and in Appendix 1.

TABLE I

Hardware/Simulation Comparisnn

Convergenee Control Converged
Ti g Voltage Incremental
ime .
(T aac) Overshoot Loop Gain
(Fo) (dB)
Hardware Experiment 1.2 40,0 15.4
Computer Simulation 1.2 37.0 12. 8

The simulation results also proved intuitively satisfying. Figure 9
1s typical of the plots obtained during these tests. The glint power density
curve is inked in heavily. Note that the power variation due to dither of one
channel at a 4 kHz rate shows frequency doubling near the center of the plot
as the array beam is dithered about the point of maximum convergence on
the glint. The glint power density also peaks at the theoretical maximum
in this area.

The run shown in Fig. 9 also shows the phenomenon of "dither feed-
through." Initially, the 2-element array is almost fully converged on the

glint, but the low-pass and high-pass filters™ are not fully charged. The

%
The high pass filter follows the photodetector to remove any dc component
in the signal.
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time required for the filters to reach steady state is the cause of both the
initial decrease in the glint power density and the higher frequency content
of the low-pass filter output. This latter phenomenon is known as ''dither
feedthrough' since the dither signal is 'feeding through' the low-pass filter,

Dither fecdthrough such as that shown in Fig. 9 is related to the
filter transient response characteristics, First, an uncharged high-pass
filter will allow some dc voltage to be applied to the synchronous detector.
This results in a relatively large voltage at the dither {requency appearing
at the synchronous detector output. If this signal is large enough, some of
it will appear at the output of the low-pass filter. The result is a dither
signal of unknown amplitude and phase which gets added to the applied dither
signal and which appreciably contributes to the initial system transients.
The effects of dither feedthrough are currently being studied under the IR&D
program at HRL.

At the present time, all equations and their implementation in the
simulation are being reviewed by an analyst who was not involved in their
initial development., The purpose of this review is to insure that all under-
lying assumptions are reasonable and that no errors remain in the program
code. At this point only a few smnall errors have been found, none of which

affect the results obtained to date.

5. Initial Simulation Results

The results of these initial simulation runs should be viewed
as very preliminary; no genera! conclusions about COAT systems should be
inferred from them. These runs were used to effect further improvements
in the simulation program, to improve our understanding of the simulation,
and to lay the foundations for future simulations which will more exactly
model experimental situations.

Two sets of parameters were developed for the initial single- and
multi-glint analyses. The array configurations and parameters are shown
in Tables II and III.

The first step was to run a baseline test for each array to determine
optimumn values of photodetector gain. The test consisted of iwo single-glint
run sequences, each with eight test cases, with photodetector gain (GFODET)

as the only variational parameter, The single glint was located one-half
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TABLE II

I x 9 Array Configuration eHeiRs

Fixed Parameters

Variational Parameters

Element Size: 0.555 x 10™° x

0.555 x 10°> M

Element (pgak—null) beamwidth
8.78 x 107~ rad

Array (peak-null) beamwidth
0.976 x 10-5 rad

Wavelength: 0,488 x 106 M

Range to target: 100 M

High pass filter cutoff: 400 Hz

Low pass filter cutoff: 160 Hz

Bias Phase Shifter Transfer Function
Noise Suppressed

Maximum Power DensitX on Optical
Axis 1.2 x 107 Watts/M

Pre-detection Gain: Unity

Post-detection Gain: Unity

Number of glints

Glint location

Glint backscatter cross section

Electronic gain (GFODET)
Dither amplitude

Dither frequencies

23
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TABLE III
4 x 4 Array Configuration

2521-4

4

* maammad

-1 16

Fixed Parametecrs

Variational Paramelters

Element Sl_r_z : 1,25 %1072
2

1,25 x 10-> M

Elernent {peak-null) Beamwidth
3.9 x10°° rad

Array (peak-null) Beamwidth
0.976 x 1972 rad

Wavelength: 0.488 x 10°5 M

Range to Target: 100 M

High Pass Filter Cutoff: 400 Hz

Low Pass Filter Cutoff: 160 Hz

Bias Phase Shifter Transfer Function
Noise Suppressed

Maximum PO\ger Densitz on Optical
Axis 1.1 x 10° Watts/M

Pre-detection Gain: Unity

Post-detection Cain: Unity

Number of glints

Glint location

Glint bacxscatter cross section

Electronic Gain (GFODET)
Dither amplitade

Dither fregquencies




array beamwidth from the optical axis. From the eight test cases, two
values of photodetector gain were selected for each array. These values
and the resulting calculated values of initial incremental open loop gain
{(IOLG) are shown in Table IV.

TABLE 1V

Cain Values for Initial Simulation Runs

Array 4 x4 B9

GFODET 1000 2000 | 5000 | 15000

IOLG(initial) | 11.99 | 16.54 | 5.27 | 14.04

Several test runs were then made to study the convergence process
of both arrays in a multi-glint environment and to answer some specific
questions about the effects of modulation index and dither separation on con-

vergence. Results of these tests are discussed in the next topic.

6. Analysis of Multi-Glint Convergence

As a primary analysis task the computer program was used
to study the COAT system behavior in a multi~-glint environment, with the
result that the COAT simulation did maximize on the largest resolvabie
glint as expected and as observed experimentally. As a secondary task, the
simulation also provided data on the efiects of modulation index and dither
frequency separation.

The glint configurations used are far from a complete set, but were
chosen for ease of understanding the resulting data, Other configurations
will be investigated in the future that reflect more ciosely the range of sit-
uations expected during experimental operation. The results obtained in
these preliminary calculations for three specific areas are summarized in
the following taxt;

L] Selectivity and snergy build-up rates on a single
glint in a multiple glint environment.

@ Eifects of modulation index on peak power and
convergence time,

25



° Effects of closely spaced dither frequencies,

a. Multi-glint Environment — The output of the simula-
tion for this analysis consisted of line plots of the power on each glint as a
function of time. Three specific quantities were analyzed on each plot and
compnared: (l) glint power buiildup rates, (2) convergence time, and (3) the
final average power on the glints. Figure 10 illustrates a typical output
format and shows the straight line approximations used in defining these
quantities.

Both the | x 9 linear and 4 x 4 planar arrays of Tables II and III were
investigated for various glint arrangements in a two-glint and modified two-
glint environment.

Figure 11 indicates the glint arrangements with respect to the initial
element and array patterns. The relative glint reflectivities are indicated
as a cross-section in Tables V and VI. These numbers correspond to the
squared knagnitude of the amplitude reflectivities discussed in Appendix I.
For each run the array was initialized to forni a boresight maximum; conver-
gence of the array pattern on a glint then occurred as discussed below. The
final converged conditions are not shown in the figure, but are indicated by
the ""Final Power' column in Tables V and VI.

All gains in the simulation were set to 1 with the exception of the
photodetector gain which was changed between runs. All dither spacings
were fixed at 1 KHz except in runs 4-7, 4-8, and 4-9 where "random"
spacings of greater than 1 KHz were used.

Tables V and VI summarize the results for the 1 x 9 and 4 x 4 arrays,
respectively (see Tables II and III for the array parameters in each case).
When no convergence occurred on a particular glint, no convergence time is
shown in the tables and the buildup rate is shown as zero. The final powe~
on each glint is shown for comparison purposes.

For the 1 x 9 array, tests 9-1, 9-2, 9-5, and 9-6 show tha conver-
gence occurs on the stronger of two resolvable glints and that higher gain
(runs 9-5 and 9-6) gives a shorter convergence time. Run 9-3 shows con-
vergence on the centroid of 2 unresolvable glints as expected. Note that
this type of convergence puts most of the power, but not the beam maxi-

mum, on the stronger glint. Runs 9-4 and 9-8 with equal unresolvable
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Fig. 10. Definitions of quantities used in analyzing
computer runs.
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FIRST OPTICAL AXIS FIRST 26703

INITIAL ELEMENT (BORESIGHT) ELEMENT
GLINT NULL NULL
CONFIG ~ \ | /
URATION GLINT NO. 2 _~GLINTNO, |
A \\ RUNS NO. 9.1, 95
2 RESOLVABLE GLINTS
\ FIRST
ARRAY
NULLS
GLINT NO. 2 _GLINT NO. 1
\,
. \ RUNS NO. 9.2, 9.6
2 RESOLVABLE GLINTS
GLINT NO. 2 l ] GLINT NO. 1
© \. l/ RUNS NO. 9.3, 9.4,
97,98
2 UNRESOLVABLE
GLINTS

— —— — e

GLINT NO. 2
RUN NO. 9.9
D x 2 UNRESOLVABLE,
1 1 RESOLVABLE GLINT

! GLINT NO. 3
CiiNT NO. 1
GLINT 1O 2 l GLINT NO. 3
b= RUNS NO. 8-10, 8-11
E y 3 UNRESOLVABLE
GLINTS
GLINT NO. 1

Fig. 11(a).

Glint configurations for 1x9 linear array with respect to
initial array and element 3-dB intensity contours. The array
pattern is one-dimensional with a beam width (shaded) equal
to 1/9 of the element beam width. The array maximum is ini-
tially converged on the transmitter boresight and moves from
that condition.
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RUNS NO. 4.5, 4.6
I _ 4-8,4-9
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%
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Fig. 11(b).

Glint configurations for 4x4 planar array with respect to
initial array and element 3-dB intensity contours. The
array nattern is two-dimensional with a beam width {shaded)
equal to 1/4 of the element beam width. The array maximum
is initially converged on the transmitter boresight and
moves from that condition.
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glints placed symmetrically about the boresight axis showed no change
in the convergence state fror the start te the finish of the runs. This
means that the initial condition (convergence on the glint centroid) is the
same as the best converged condition, Test 9-7 exhibited no stable con-
vergence due to the onset of instability at the higher loop gain. ¥

Runs 9-9, 9-10, and 9-11 are similar tc other runs with this array,
but another unresolved glint is added to the target, Run 9-9 demonstrated
convergence at the centroid of glints 1 and 2, ignoring the lavgest glint at
the edge of the element pattern, Tests 9-10 and 9-11 indicated conver -
gence on the centroid of three unresolvable glints although in rui 9-11

the initial and final convergence ctates are identical,
o

£

The tests on the 4 x 4 planar array are summarized in Tabie VI,
The conclusions are the same as for the | x 9 linear arrav: {1y conver-
gence on the lavger ol 2 resclvable giints (run 4-1); (2} convergence on
the centroid of multiple unresc!vable glints with the most power oun Lhe
largest giiat (runs 4-2, 4-3, 4-5, 4-0): (3} convergence on the centroid
of two unresclvable giints when a larger, vesolvable glint is at the edge
of the clement pattern {run 4-4), and (¢) instability due to excessive gain
(run 4-0),

The last thrvee entries in Table VI are identical to runs 44 1o
4-6 but with random dither frequency spacings of greater than ! ¥Hz.
Lhe results are comparable to the runs with cqualiy-spaced dither fre-
quencies.  Although there is a large difference in convergsnce times be-
tween runs 4-4 and 4-7, the variation is primarily due to difficuity in
interpreting the stepwise convergence which was observed in these runs,
This type oi convergence has also been observed experimentally (sec
Fig., 4} and will be descrived in more detail in future reports,

As a gencral assessment ! these initial runs, we may say that
the COAT simulation 1s operzting correctly, However, the simulation

run times weve initially limited tu 4 msec 1o minimize costs, in the

f 5 I g g . "
fhe net loop gain is a funciiun of the strenpgth (cross~section as well as
the nurnber and location of all the glints,
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future, run times will be extended to the order of 10 msec to ascertain
whether or not the system reached a true steady state. Contour plots of
the final power distribution at the target wiil also be printed out; these
should be extremely helpful in determining the system performance. As
an example, a contour plot derived in a post-run program from the final
phase shifter settings was made from run 4-4. The data in Table VI sug-
gests that the system had maximized on the centroid of glints 1 and 2.
The conclusion seems reasonable since glint 3 is near the edge of the
eiement pattern and glints 1 and 2 are near the boresight axis and within
a beamwidth spacing (not resolvable). The final powe: contour is shown

in Fig. 12 and it does, indeed, coniirm this conclusion,

6. Modulation Index — It is d« sirable to operate the COAT

system with a minimum modulation inde « in order to maximize the ulti-
rnate power on the glint, Oa the other hand, the greater the modulation
index the faster the system converges because an increasing modulation
index permits a higher loop gain for a given noise level. Hence, there
is a trade-cif in modulation index between maximum power on the glint
and quick convergence., A series of runs were made to investigate these
effects and to select an optirnum modulation index for a g:ven set of sys-
tem conditions,

The set of system parameters chosen were: a ! x 9 linear array,
photodetector gain of 5000, no external! system noise, and a single giint
target located half way beiween the optical axis and first antenna null.

The modulation angle was varied from +10 to 120 degrees in steps of
4 10 degrees; cach step required a separate computer run, The results
are plotted in Fig. 13 and 14,

Figure 13 shows glint power as a function of modulation index. Tor
iow modulation indices and no external system ncise, the system shouid
approach futl pewer on targetl; however, noise iz introduced by computer
toundoff errur, and hence the power appears to decrease below 20 degrees
as shown, Asindicatedinthe figure, this particular system should operate be-
tween J0to 30 degreesioensure maximum glint power. £ -en though this appar-

¥ 4
ent optiraum is a computer artifact, when real noise iz introduced a similat
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optimum will exist. Figure 14 shows open-loop gain and convergence time

as a function of moduiation index. System gain is increased by greater modu-
lation as expected and the system does converge faster as a result of the
higher gain. But at the minimum convergence time (= 270 modulation) the
glint power is decreased by 3 dB, and beyond this point the time to converge
greatly increases while power decreases rapidly due to large beam excur-
sions. The criterion of maximum power delivered on target would probably
govern, so that lower indices (20 to 300) would be employed, and the con-

vergence time decreased by changing some other gain-controlling parameter.

c. Dither Spacing — The separation between dithers, the
relative phasing of the dither generators, and the low-pass filter roll-off
characteristic, all impact on the amount of -odulation feedthrough scen on
each control channel and on the power at the - 'nt. The purpose of these runs
was to determine the amount of feedthrough ¢ itained using the proposed filter-
ing scheme. Figures 15 and 16 show the results of shifting from 1 kHz to
1.5 kHz dither spacing. It should be noted that the computer program gen-
erates dither signals that are phase coherent; i.c., they all zero cross at
t = 0. Thus, there are periodic points where the phases align, These points
are denoted in Fig. 15 as the 1- and 2- kHz feedthrough points, and the peak
excursions are between 25 to 35% of the average glint power. By increasing
the glint spacing to 1.5 kHz the peak fluctuation decreases to less than 15%
of the a 2rage power as seen in Fig. 16. In the actual hardware, however,
the dithers will be generated by employing an independent dither oscillator
either per channel or every 2 channels; such oscillators will have randomly-
distributed initial phases, thus suppressing the large ''synchronous' dips in
glint power. Therefore, operation at 1 kHz spacings with the present filter
design would probably be acceptable, To be on the safe side, logarithmically

spaced frequencies will probably be employed in the experimental model.

7. Work in Progress

Since the design review meeting in mid-June, work has con-

centrated in four areas:

aaa R R T W r——_—
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GLINT POWER DENSITY

HARMONIC FEEDTHROUGH AT 1 AND 2 KHz IS
BETWEEN 25 AND 35% OF THE GLINT POWER

o

o

e ——— e
LR

y

——
EnN

T
]

C—
am
L L N

TIME

_‘_‘I.g

A 'usﬁx"iw &%}N Wby oms Ui ' i el
T

0 0w Y805 e 15 Vorod WP

b/ . g, A A o g
shlown 8 8 Lrewen i w2t

TS

wwt gl . ngn ) "
%A 118 1ndhE owahr? warLt
¥ TR T

Y Y Y T
8228 Iuniaafids o 8 Yiamern S Lot K

= ) o Y ; J
“Eron Thion Ao 388 Vaewn bl Bds o

- —

S .k

spacing.

Dither feedthrough and synchronism for a 1 KHz dither

15,



§ I | : o= i
8 I 3 k HH:‘_:» LA
{ o i S
I L A 3 - ‘.-‘-;_\_
(] ] 2 'r'-._._ ‘__\-_‘_‘--\-\_\_\_ 1
I L | & = b l
| =0 < =
| ': j aE \. Li = I-‘
, o E [Ty] | | { e R ‘
= =\ r L g5 ]
| w e = e, i e
Sug | ; i :
o T { 5 — "
g E — ! {f T
20 5 s,
[ =] =1 g | . —— — .
a E w n 3 ] o
.| \ « —
i E T o | i o = ""‘--—._‘_\_\_
1 - ] £
| SBF |2 2 = 7
, Ow
[¥1]
H [TH

Dither feedthrough for 1.5 KHz dither spacing.

|
|
|
|
|
|
| ]
|
|
]
|
|
1
| o
i —
’ o
or—
[V
r
L ¥

Wk sl Ses B sadt Bt

W e o B s e T iowtt B |
e T LI T N T T ST T
I T P T T T W Y ST .

wh ol o Whine et Mt ottt

39




TR R e a——

o

o Independent verification of simulation analysis

° Development of moving target subroutine
® Modification te incorporate 0-6-12-18 near-circutaxr

array configuration

) Development of a subroutine to compute and plot
target plane power density.
As mentioned previously, the first of these tasks has verified the
accuracy and completeness cf prior work. In the second area, the subroutine
{(MOVEIT) has heen coded and debugged. The fourth task is complete for

(o]

arrays of square elements, he near-circular array coding is currently
Leing tested to verify its accuracy, and when this has heen done, the target
plane power pattern map computation follews naturally.

Figure 17 is a target plane pewer map produced for a 4 x 4 array of
equare elerments, It is fairly easy to sec the power contours and sidclobe
structure. The total size of the map is 1 x 1 ¢lement heamwidtha, therefore,
ve would expect a main lobe and three sideiobes in cach direction. it can
he scen that the sidelobe jevels are near theoretical values for a squarce

array. Figure i nsed the same subreutine, but with 2rrav phas: dat

o

taken from the 4 x 4 bascline test discussed previously. TFinal coniroel pniase
shifter vclizges were used without editing, The plot showed the glint posi-
tion at the location of the star., The beam had formed almost directly cen-

1
il

tered on the glint, and the sidelobe structure was somewhar muddied, The
appearance of a small grating tobe on the right side is obvicus.
Ii is anticipated that progream checkout will be complete by mid-

Augusi; and simulation of planned range tests will begin at that time.

. Beam Offset Techrigues

The basic objective of a COAT system is to create a well-formea
Leam on a refersnce point — historically u strong glint, Unfortunately, a
strony glint is frequenily rot a desirable aim psint and even if it is, there
will be problem: in holding the beam ou if, particularly under conditions ot

target-beam interaction.
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There are two basic ways of handling this problem: (1) The control
system can be modilied so that it converges on other types of references,
and (2) one may employ beam offset systems which move the beam (or some
portion of it) to target areas which are not natural reference points. These
offset systems can be separated into two basic types: (1) Time-shared
systems, and (2) simultaneous or ghost-beam systems. We have considered
only the time-shared systems in this report. Ghost-beam systems were
dispusséd briefly in our proposal.

Time-shared offset systerns operate in two cycles that may either
be one-shot (for short pulse operation) or iterated (for long pulse or cw
operation). In a time-shared system, the first cycle is devoted to forming
the beam on the reference, while the second cycle, which must be accom-
plished within one atmospheric time constant, scans the beam to the selected
offset point. This is achieved by placing the phase shifter control voltages
in a hold condition while an additional slewing command is employed to
quickly move the formed beam to a new target position before the state of
the atmosphere can change. If the beam must remain in its offset position
for more than an atmospheric time constant, which is the most frequent
case of interest, then recycling of the beam-forming operation is required.

There are two approaches to the slewing function: (1) An electronic
phase control with progressive phase shift signals applied to the phase
shifters, and (2) a high-speed microslewing mirror. Each approach to time-
shared oifset has certain advantages. The use of electronic offset slewing
has a potential speed advantage, provided that advanced electro-optic or
acousto-optic phase shifters are employed; however, a high-speed slewing
mirror is probably the more attractive solution when employing mechanical
phase shifters since it reduces demands on settling times and dynamic range
in the phase shifters. We will study both techniques in the experimental
program,

An electronic beam-offset system employs four basic functions,
which are replicated in all control channels: (1) A memory or hold circuit
which samples the atmospheric compensating voltage on the phase shifter,
in a converged state, and holds it constant during the offset scan. (2) a

technique for introducing additional offset voltages which are constant during
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the offset interval for any one control channel but which progressively
increase in value across the ensemble of channels (assuming equal bimorph
sensitivity). (3) a protective switch which prevents transient error signals,
generated by the offset process, from impacting the control system. (4) a

'""'state-return' system which, after the removal of the scan voltages, returns

Y T 8 R R T P TR T

the input of the servo filter to its initial state before the commencement of
the scan process. Of course, this original state is only an approximation of
the desired correction voltage, at the completion of the offset cvcle, since

the atmosphere has slightly changed its state during the offset interval,

W T e e—

Nevertheless, the original state information should be sufficiently accurate

that ''glint' reacquisition time is appreciably reduced by returning to it,

i

The microscanning mirror approach requires similar functions
except that in place of the introduction of scan voltages to the phase shifters,
function (2), one applies an appropriate voltage to the microscanning mirror.

The block diagram which achieves these functions for electronic
offset is illustrated in Fig. 19. Switches S1 and S2 are operated in synchron-
ism. Switch Sl supplies the protective function while S2 separates the '"last" :
capacitor in the loop filter from its discharge resistor to supply the holding
function. Switch S, is the state-return switch.

The time development of these functions for 'typical'' elements (#1 1

and #2) is illustrated in Figs., 20(a) and 20{b). The slowly varying waveform

T ——

represents the control system error signal as it responds to atmospherically
induced error signals.
: Alternatively, if the microscanning mirror approach is employed,

typical slew-dwell-recycle sequence waveforms are illustrated in Fig, 21.

E. Alignment Error Analysis

There cxists four basic classes of ""alignment' errors in phased
arrays which may result in peak power or array gain loss: (1) Gain or
excitation variations from element to element, (2) phasing errors from
element to element, (3) element centering or position errors, and (4)

element pointing errors.
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Fig. 20(a). Phase-shifter drive voltage on channel No. 1
(electronic offset). Vo is the offset
voltage.
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Fig. 20(b). Phase-shifter drive voltage on channel No. 2
(electronic offset).
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Fig. 21. Phase-shifter drive, channel No. 1 (microslewing
offset).
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A fifth "alignment" problem results from electronically scanning the
array pattern away from the center of the element pattern. In microwave
systems this pointing error or mismatch is generally accepted as ingvitable.
However, it can be eliminated or at least minimized in the case of optical
systems by repointing the elements to bring their peak back into registration
with the array peak (auto blazing).

The first two classes of error have been extensively studied in the
literature on microwave phased arrays. Given a perfect control system,
element-to-element phasing errors are eliminated by the COAT control
system. Similarly, the servo system can be designed to eliminate amplitude
errors (on an element-to-element basis); however, the present system does
not include this capability. Both types of error are included in the mean

(normalized) gain degradation equation

2
<G> _ (1-<a>)2ed
G0 1 +2<a> + <aZ>

where
2 .
A = mean-square phase error (radians)
<a> = mean amplitude error
<a®> = mean-square amplitude error

and the nonuniform (dograded) field distribution which defines a is
A(R'") = AO(B‘) [1-a(RY]

where A0 is the desired or uniform distribution and «(R') is the (undesired)
variation in field distribution as a function of vector position, R'.  The
effective gain loss is plotted in Fig. 22 over a limited range of A 2 with

<a?’s as a parameter. The solid curves assume
\/ 2
<a> = 2/m<ca’>

while the dashed curves assume <a> = 0,

47




Power loss from random phase and
amplitude errors.




The alignment errors associated with element pointing variations are
of little consequence with a microwave system since the elements are nor-
mally a fraction of a wavelength in length and, in consequence, the element
beamwidths are quite wide with respect to normal mechanical tolerances. In
a typical optical phased arrays this is no longer true. For the cophased
condition (A = 0} the element pattern exhibits an essentially quadratic reduc-
tion in power delivered as a function of pointing error for large classes of
excitaticns (e. g., uniform rectangular, uniform circular, truncated Gaussian,
etc. ), however, with the '""constant' having a weak dependence on the error.

Thus the normalized power loss over N elements is well approximated by

PAE‘ 0.33 . 2
——=~ = 1 === £ KU, for sinall errors
A N n=1 ©°
2 N
—;—E ] —-O;,} 3 KZ , for medium-sized errors
A ; =1 n

where Kn is the fractional pointing error of the nth element, If one defines

an rins fractional pcinting error,

1/2
1 2\’
= (= K
Krms \WN Z n
\ /

then thcse results are summarized by the curve illustrated in Fig., 23.

The actual elernent pointing errors to be expected of the zystem arise
from severzl uncorrelated effects,

Static Errors, o The static mirror mount errors are =xipected

stat’
to be 0.3 sec rms in each of two imcunts.

Thermal Error, The dominant thermal crror effect is

o :
therin
assumed to arise from flexure of the support plate. This is computed to be

0.2 arc sec rms,

Dynami« Error, LI The assumed seismic inpuis are negligible,
¥
A noise level between 65 to 75 dB is assumed, which vibrates two masks and

twyo micrors, giving




7 dyn, mount

o
dyn, mask

0.7 arc sec rms

1.4 arc sec rms

The composite rms angular error then becomes

q
|

tot

‘IZ(U dyn, mount)

1.6 arc sec.

2

+ 2(

7 dyn, mask

)

2

+ 2(0

stat

D%+ (o )P

Given an zllowable error of 7.0 arc sec (1/10 element diffraction angle), this

allows a budget of 6.7 arc for error sensing.
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SECTION 111

DESIGN

In this section we present the design of the COAT experimental
equipment, target system and instrumentation. Experimental results support-
ing specific design details are also reported here rather than under the

previous analysis section.

Al Phasor Matrix

The phasor matrix in the COAT system is that portion that takes the
beam from the laser, divides it spatially into separate paths for phase shift-
ing and then recombines it in the desired radiating array pattern. Different
phasor matrix configurations were discussed in our proposal with respect to
their applicability to ultimately operational COAT systems and also with
respect to their flexibility for the present experimental program. In the
proposal the axisymmetric spindle or ""Christmas Tree' structure was
identified as a prime candidate for operational systems. The key require-
ment of the present program, however, is the ability to change radiating
array patterns easily without major reconfirmation of the system. The Christ-
mas tree arrangement was not flexible in that sense and so was not considered
for the present experiment. Instead, a multiple reflective mask structure
was proposed. A careful analysis of the alignment and flatness tolerances
required of the configuration described in the proposal indicated that
version would be difficult to fabricate.

A superior substitute has been found for that design, one that may be
thought of almost as the dual. In the old version a single large beam was
reflected back and forth between two mirrors, with clear mask patterns
etched in the reflecting coatings. An elemental portion was removed through
a clear porticn of the mirror on one pass, reflected ofi a phase shifter and
then recombined into the main stream on the next pass.

The principle used in the new version is illustrated in Fig. 24; it is

the dual in the sense that an.elemental portion is removeri and recombined by




A LTy e

PHASE SHIFTER 2 2521-16

SILVERED PORTION

— OQUTPUT BEAM

INPUT
BEAM

SILVERED PORTION

Fig. 24. Sketch illustrating how an elemental pattern is

removed from the beam, tagged, phase shifted,
and then returned to an array.
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reflection rather than transmission while the main streams are passed on by

transmission rather than reflection. In the sketch shown, a large collimated

beam is incident on a glass plate oriented at Brewster's angle, to minimize
first su-face reflections. A small silvered portion in the shape and location
of one element of the desired array reflects a portion of the incident beam
toward the first of two mirrors mounted on piezoelectric drivers which serve
as the dither tagging and control phase shifters respectively. The second
phase shifter mirror directs the beam toward similarly shaped and located
silvered spot on another plate which serves to reflect the elemental beam in
a direction approximately parallel to, but displaced from, the incident beam.
Figure 25 illustrates how a series of such ''reflective dot'' plates can be used
to form an array of independently phase shifted elements. The advantage of
this scheme is that more adjustment is available for alignment over that
described in the proposal.

In order to test the practicality of this scheme, an 8-element version
was built using simple mirrors in place of the phase shifters. A photcgraph
of the test setup is shown in Fig. 26 (which has approximately the same
orientation as Fig. 25 for comparison). Eight rectangular dots are employed
in a horizontal 1 x 8 array in this simple test. An alignment procedure was
developed which allows rapid adjustment of the phase shifter mirrors once
the masks have all been properly oriented and fixed in place (a one-time
alignment). A photograph of both the ''spent' beam from which eight elements
have been removed and the '"output' beam consisting of the eight recombined
elements is shown in Fig, 27.

In the 18-element version, pattern interchange will be accomplished
by interchanging sets of masks., The entire set of 36 masks will be mounted
and separately aligned on a single plate that may be removed from the setup
independently of the phase shifters. In this way, array patterns may be
interchanged and the system realigned in less than an hour.

Two basic layout grids for 18-element arrays were chosen and are
illustrated in Figs. 28 and 29. For rectangular patterns, a 64-ele<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>